The most common form of childhood congenital muscular dystrophy, Type 1A (MDC1A), is caused by mutations in the human LAMA2 gene that encodes the laminin-a2 subunit. In addition to skeletal muscle deficits, MDC1A patients typically show a loss of peripheral nerve function. To identify the mechanisms underlying this loss of nerve function, we have examined pathology and cell differentiation in sciatic nerves and ventral roots of the laminin-a2-deficient (Lama2 2/2 ) mice, which are models for MDC1A. We found that, compared with wild-type, sciatic nerves of Lama2 2/2 mice had a significant increase in both proliferating (Ki67 1 ) cells and premyelinating (Oct6 1 ) Schwann cells, but also had a significant decrease in both immature/nonmyelinating [glial fibrillary acidic protein (GFAP) 1 ] and myelinating (Krox20 1 ) Schwann cells. To extend our previous work in which we found that doxycycline, which has multiple effects on mammalian cells, improves motor behavior and more than doubles the median life-span of Lama2 2/2 mice, we also determined how nerve pathology was affected by doxycycline treatment. We found that myelinating (Krox20
INTRODUCTION
The most common form of childhood congenital muscular dystrophy, Type 1A (MDC1A), is caused by recessive mutations in the human LAMA2 gene. Human LAMA2 (mouse Lama2) encodes laminin-a2, a component of the trimeric laminin-211 that is abundant in skeletal muscle, motor nerves and brain (1, 2) . Loss of motor nerve function, as well as pathology in skeletal muscle and brain white matter, is a characteristic finding in this devastating disease (3 -6) . In MDC1A patients, for example, motor nerve conduction velocity is reduced (7), likely due to abnormal myelination of the peripheral motor nerves. Similarly, in laminin-a2-deficient mice, which are models for human MDC1A, hindlimb paralysis develops during the second month of life, sciatic nerve conduction velocity is reduced and amyelinated axon bundles are abundant (8, 9) . The mechanisms underlying this peripheral nerve dysfunction are not fully understood and methods to ameliorate pathology are lacking. For this study, therefore, we analyzed cellular and molecular mechanisms of peripheral nerve dysfunction and tested doxycycline as a pharmaceutical approach to ameliorate nerve pathology.
Previous studies of laminin-a2 mutant mice have identified altered patterns of Schwann cell proliferation and differentiation within peripheral nerves and demonstrated that peripheral nerve dysfunction is independent of the skeletal muscle pathology. Electron microscopy and DNA-labeling studies, for example, have suggested that Schwann cell numbers, differentiation and/or morphology are affected in the peripheral nerves of dy/dy, dy 2J /dy 2J and nmf417/nmf417 mice, which carry different spontaneous or chemically induced mutations that are now known to affect laminin-a2 expression or function (2,9 -15) . Muscle-specific expression of laminin-a2 in dy W /dy W mice, which are laminin-a2-deficient due to targeted inactivation of the Lama2 gene, corrects pathology in skeletal muscles, but does not correct motor nerve dysfunction (16) . Thus, nerve pathology due to laminin-a2-deficiency is independent of muscle pathology. One significant pathogenetic mechanism by which loss of laminin-a2 leads to neuromuscular dysfunction appears to be inappropriate induction of cell death in skeletal muscles (17 -21) . Previous studies from our group demonstrated that either body-wide inactivation of Bax (a promoter of cell death) or transgenic muscle-specific overexpression of Bcl-2 (an inhibitor of cell death) ameliorated muscle pathology and increased the median lifespan of Lama2 2/2 mice from 30 to .100 days (17, 20) . Our studies also raised the possibility that increased cell death could play an additional role in nerve pathogenesis, because the onset of hindlimb paralysis in Lama2 2/2 mice was delayed by body-wide inactivation of Bax, but not by skeletal muscle-specific overexpression of Bcl-2 (17, 20) . We also found that treatment with doxycycline, which has multiple effects in mammalian cells including inhibition of death, significantly improves motor behavior, decreases inflammation and muscle cell death and more than doubles the lifespan of Lama2 2/2 mice (18), though we did not examine peripheral nerves in our earlier study of doxycycline-treated Lama2 2/2 mice. For this study, we examined cellular and molecular mechanisms that underlie peripheral nerve dysfunction by analyzing molecular markers that identify Schwann cells at distinct stages of differentiation in Lama2 2/2 and wild-type mice. In addition, we extended our previous work with skeletal muscle to determine if doxycycline treatment had beneficial effects on peripheral nerves in Lama2 2/2 mice. As in our previous work (17-21), we used laminin-a2 knockout dy W /dy W mice (9,16), as models for human MDC1A. The results identified aberrant patterns of Schwann cell differentiation in Lama2 2/2 mice and showed that doxycycline treatment partially ameliorated peripheral nerve pathology.
RESULTS
To examine the mechanisms of motor nerve pathology and the potential effects of doxycycline treatment on peripheral neuropathology in Lama2 2/2 mice, we first analyzed motor behavior of new cohorts of wild-type, untreated Lama2 2/2 and doxycycline-treated Lama2 2/2 mice as in our previous work (18) . As in previous studies (18, 22) , we used the frequency with which mice stood up on their hindlimbs when placed in a new cage as a measure of motor function. We found that at 4 weeks after birth, untreated Lama2 2/2 mice stood up less than one-fifth as often as wild-type mice, consistent with impaired ability of their hindlimbs to function in weightbearing activity. In contrast, we found that doxycycline-treated Lama2 2/2 mice had on average approximately twice as much spontaneous standing behavior as the untreated Lama2 2/2 mice, though the activity level of doxycycline-treated Lama2 2/2 mice nonetheless remained below that of untreated wild-type mice (Fig. 1) or doxycycline-treated wild-type mice (18) (data not shown). Of the 17 doxycycline-treated Lama2 2/2 mice that we examined, 14 showed improvement in motor behavior compared with the average of the untreated Lama2 2/2 mice, whereas three did not show an improvement (Fig. 1) . The overall improvement in standing behavior that we found here was qualitatively similar to the finding in our earlier study that focused on muscle pathology (18) . Thus, we confirmed that doxycycline treatment significantly improved the motor behavior of Lama2 2/2 mice. To begin to quantify Lama2 2/2 neuropathology, we first determined cross-sectional areas and numbers of cell nuclei in stained transverse sections of sciatic nerves obtained from 4-week-old wild-type, untreated Lama2 2/2 and doxycyclinetreated Lama2 2/2 mice (Table 1) . We found that the average cross-sectional areas of untreated and doxycyclinetreated Lama2 2/2 sciatic nerves were approximately equal, though both had significantly smaller cross-sections than wildtype nerves. The average numbers of nuclei per sciatic nerve cross-section were approximately the same in wild-type, untreated Lama2 2/2 and doxycycline-treated Lama2 2/2 nerves (Table 1) . However, because the cross-sectional areas of the Lama2 2/2 nerves were smaller than wild-type nerves, the density of cell nuclei was significantly higher in both the We next analyzed the pathological changes at the cellular level in Lama2 2/2 sciatic nerves and found that doxycycline treatment significantly, albeit partially, ameliorated pathology as measured by the amount of abnormal axonal morphology (Figs 2 and 3) . We first double immunostained sciatic nerves with (i) an anti-neurofilament antibody to identify axons and (ii) a 'pan-laminin' antibody that reacted with multiple laminin subunits including laminins a1, a2, b1 and g1 to identify endoneurial basal lamina associated with Schwann cells. In wild-type mice, all axons identified by neurofilament Data are given as average + SE (n). * P , 0.05, * * P , 0.01 vs. wild-type (t-test). All other comparisons were not significant. Figure 2 . Pathology in sciatic nerves from Lama2 2/2 mice. Transverse sections of sciatic nerves from 4-week-old Lama2 2/2 mice were double immunostained either (i) with an antibody that reacted with multiple laminins (pan-laminin) and an antibody specific for neurofilaments (rows A and B) or (ii) with the panlaminin antibody and an antibody specific for myelin basic protein (MBP, rows C and D). At high magnification (rows A and B), axons in both wild-type and Lama2 2/2 sciatic nerve were outlined by the pan-laminin staining, whereas staining of neurofilaments in Lama2 2/2 , but not wild-type, nerves revealed the areas of disorganized axonal neurofilaments (arrows in B). At low magnification, wild-type nerves showed staining for both pan-laminin and MBP that was distributed throughout the cross-section of the nerve (row C), whereas the Lama2 2/2 sciatic nerves showed large areas devoid of staining for both pan-laminin and MBP (row D). See Figure 3 for quantitation. Scale bar in A ¼ 10 mm for rows A and B; Scale bar in C ¼ 100 mm for rows C and D.
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Human Molecular Genetics, 2011, Vol. 20, No. 13 staining were well separated and organized ( Fig. 2A  ′ ) and all axons were associated with laminin-positive basal lamina ( Fig. 2A) . In contrast, sciatic nerves in Lama2 2/2 mice showed areas in which axonal neurofilaments were disorganized (arrows, Fig. 2B ′ ) and laminin was absent (arrows, Fig. 2B ). We quantified axonal neurofilament disorganization and found that the percentage of the sciatic nerve crosssectional area with disorganized neurofilaments was significantly less in doxycycline-treated than in untreated Lama2 2/2 mice, indicating partial amelioration of pathology, though doxycycline treatment did not fully restore the wildtype pattern (Fig. 3) .
We then carried out a similar study in which we double immunostained sciatic nerves for pan-laminin and myelin basic protein. Though most of the axons within sciatic nerves from Lama2 2/2 mice showed staining with both the pan-laminin and the myelin basic protein antibodies, there were also areas, sometimes quite large, within the nerve that lacked staining for both laminin(s) and myelin basic protein (Fig. 2 , rows C and D). When quantified, we found that the percentage of the sciatic nerve cross-sectional area that lacked both pan-laminin and myelin basic protein staining was significantly less in doxycycline-treated than in untreated Lama2 2/2 mice, again indicating partial amelioration of pathology, though the wild-type pattern was not fully restored ( Fig. 3 ).
Taken together, these studies showed that, on average, 15% of the cross-sectional area of sciatic nerves from 4-week-old Lama2 2/2 mice showed pathological changes including poorly organized axons (i.e. abnormal neurofilament staining pattern), abnormal basal lamina (i.e. absence of pan-laminin staining) and non-myelination (i.e. absence of myelin basic protein). Pathological areas shared all three of these abnormalities and the pathological regions we identified by immunostaining corresponded to amyelinated regions identified on adjacent trichrome-stained sections (not shown). Furthermore, as measured by these markers, the amount of pathology in sciatic nerves of the Lama2 2/2 mice was significantly reduced by doxycycline treatment.
We next examined pathology and the possible effect of doxycycline in L2 ventral roots which are a source of motor axons for the sciatic nerve (23) . Previous work had shown that axonal myelination and sorting in the ventral roots is highly dependent on laminin-211 (24) . We dissected ventral roots from a subset of the 4-week-old mice that were also used for analyses of behavior and sciatic nerve pathology, including eight wild-type, seven untreated Lama2 2/2 mice and seven doxycycline-treated Lama2 2/2 mice. The seven samples from doxycycline-treated Lama2 2/2 mice included samples from four mice that showed improved standup behavior (average of 20.8 + 2.3 Figure 3 . Doxycycline treatment decreased two markers of pathology in sciatic nerves of Lama2 2/2 mice. As indicated, quantitative immunohistology was used to measure the percentage of sciatic nerve cross-sectional areas that either lacked pan-laminin staining (as in Fig. 2D ) or showed disorganized neurofilament staining (as in Fig. 2B ′ ). As indicated, nerves from 4-week-old, doxycycline-treated Lama2 2/2 mice had significantly less pathology than nerves from untreated Lama2 2/2 mice of the same age. Nerves from wildtype mice had little or no pathology.
* P , 0.05; * * P , 0.01. Error bars ¼ SE. 2/2 (none, center) and doxycycline-treated Lama2 2/2 (+Dox, rightmost) mice were stained with toluidine blue and used to determine both the cross-sectional area (top) and the total number of myelinated axons in each ventral root (bottom). At 4 weeks of age, the L2 ventral roots from Lama2 2/2 mice were significantly smaller and had ,10% as many myelinated axons as wild-type. Ventral roots from doxycycline-treated Lama2 2/2 mice were significantly larger than in untreated Lama2 2/2 mice, though still smaller than wild-type. Doxycycline treatment also increased the average number of myelinated axons in ventral roots from Lama2 2/2 mice, though this increase did not reach quite reach significance at P ¼ 0.06 because three of the seven doxycycline-treated mice that were examined did not show improvement in ventral root pathology, sciatic nerve pathology or standup behavior (see text for details). Inset photos show representative sections of ventral roots from a wild-type mouse, an untreated Lama2 2/2 mouse and one of the four doxycycline-treated Lama2 2/2 mice in which axon number was increased; scale bar ¼ 15 mm. * P , 0.05; * * P , 0.01. Error bars ¼ SE.
standups/5 min) and, for comparison, from the three mice that did not show improved behavior (average of 8.3 + 2.3 standups/5 min; Fig. 1 ). Upon measuring cross-sectional areas, we found that ventral roots in wild-type mice were significantly larger than those in untreated Lama2 2/2 mice and that doxycycline-treated Lama2 2/2 mice had intermediate-sized ventral roots that were significantly larger than those of untreated Lama2 2/2 mice, but still smaller than wild-type (Fig. 4) . Upon quantifying axon numbers, we found that the L2 ventral roots of wild-type mice contained 617 + 63 (average + SE; n ¼ 8) axons, all of which were well separated and myelinated (Fig. 4) . In contrast, the ventral roots of untreated Lama2 2/2 mice contained only 57 + 15 (n ¼ 7) well-myelinated axons. This number was significantly fewer than in wild-type and indicated a very severe pathology in which a large majority of the axons were not well myelinated (Fig. 4) . Doxycycline treatment increased the average number of myelinated axons in the ventral roots to 293 + 110 (n ¼ 7) for the seven Lama2 2/2 mice that we examined (Fig. 4) . At P ¼ 0.06, this increase did not quite reach the standard 5% level of significance.
When further examining these seven doxycycline-treated samples, however, we noted that the ventral roots from the three Lama2 2/2 mice with poor standup behavior had a very low number of myelinated axons (29 + 8.4; mean + SE) similar to that of untreated Lama2 2/2 mice, whereas the four doxycycline-treated Lama2 2/2 mice that had improved standup behavior also had significantly more myelinated axons (491 + 111, P , 0.02 vs. group with poor standup behavior, t-test). The three mice that did not show improved standup behavior upon doxycycline treatment also tended to have more sciatic nerve pathology (not shown). These observations suggested that standup frequency should decrease as the amount of peripheral nerve pathology increased, an idea confirmed by linear correlation analyses. In particular, standup behavior tended to decrease when there was an increase in the extent of sciatic nerve pathology as measured either by an increase in the amount of the laminin-negative area (Fig. 5A , r ¼ 0.69, P , 0.01) or neurofilament disorganization (data not shown, r ¼ 0.56, P , 0.01). Standup behavior also tended to decrease when there was an increase in ventral root pathology as measured by a decrease in the crosssectional area (Fig. 5B , r ¼ 0.62, P , 0.01) or the number of myelinated axons (data not shown, r ¼ 0.67, P , 0.01).
To probe the cellular mechanisms of pathology and the possible effects of doxycycline, we returned to sciatic nerves and examined the expression patterns of differentiation stagespecific markers of Schwann cells. Schwann cell dysfunction had previously been implicated in the pathological changes in motor nerves of laminin-a2-deficient dy/dy, dy 2J /dy 2J , nmf417/nmf417 (2,10-12,14-16), but molecular markers of Schwann cell differentiation had not been studied in Lama2 2/2 mice. In particular, we examined expression of (i) GFAP, a marker of immature and non-myelinating Schwann cells; (ii) Oct6, a marker of pre-myelinating Schwann cells and (iii) Krox20, a marker of myelinating Schwann cells (25 -28) . As above, we examined sciatic nerves from untreated wild-type, untreated Lama2 2/2 and doxycycline-treated Lama2 2/2 mice. Our first analyses, of GFAP expression, suggested that Schwann cell differentiation status might be altered in Lama2 2/2 sciatic nerves. We found that 25-30% of all cells in sciatic nerves from 4-week-old wild-type mice expressed GFAP with a density of 865 + 105 GFAP-positive cells/mm 2 (mean + SE, n ¼ 8; Fig. 6 ). In contrast, GFAPpositive cells were only 10-15% of the cells in sciatic nerves from 4-week-old Lama2 2/2 mice whether untreated (466 + 96 GFAP-positive cells/mm 2 , n ¼ 6; P , 0.05 compared with wild-type) or treated with doxycycline (443 + 57 GFAP-positive cells/mm 2 , n ¼ 8; P , 0.01 compared with wild-type). Thus, the abundance of immature and nonmyelinating Schwann cells, as defined by GFAP expression, Figure 5 . Relationship between motor behavior and extent of pathology in sciatic nerves and ventral roots. Linear correlation analysis was used to examine the possible relationship of motor behavior measured by the standup assay (as in Fig. 1 ) with either (A) the extent of sciatic nerve pathology measured by area lacking laminin (as in Figs 2 and 3 ) or (B) the extent of ventral root pathology measured by the cross-sectional area (as in Fig. 4 ). Values from wild-type (circles), untreated Lama2 2/2 (squares) and doxycycline-treated Lama2 2/2 (diamonds) mice were plotted, and the linear correlation (line) was calculated for the total group. For (A), the correlation coefficient was r ¼ 0.69 (P , 0.01); and for (B), r ¼ 0.62 (P , 0.01). Both analyses indicated that standup behavior decreased with increased pathology. See text for additional discussion.
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was decreased to 50% of the wild-type level in Lama2 2/2 sciatic nerves, and doxycycline treatment did not alter this decrease.
To examine a possible mechanism underlying this decrease in GFAP-positive cells, we next examined the level of ongoing cell death in Lama2 2/2 sciatic nerves. A previous study had shown that GFAP-expressing cells are decreased in the motor nerves of mice with Schwann cell-specific knockout of laminin-g1 (Lamg1), apparently due to increased apoptotic cell death (29); and we had previously shown that apoptotic cell death is increased in the skeletal muscles of Lama2 2/2 mice (18,21). We found in nerves, however, that terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL)-positive nuclei were very rare, amounting to no more than 0.2% of all nuclei (i.e. at most two positive nuclei per cross-section) in 4-week-old Lama2 2/2 sciatic nerves and were not significantly more abundant than in wildtype sciatic nerves. We examined nerve sections from five wild-type, as well as four untreated and five doxycyclinetreated Lama2 2/2 mice with similar results. In contrast, a study of Schwann cell-specific laminin-g1 knockout mice found that 3% of sciatic nerve nuclei were TUNEL-positive Figure 6 . More cells that expressed GFAP, a marker of non-myelinating Schwann cells, were found in wild-type than in Lama2 2/2 sciatic nerves. Transverse sections of sciatic nerves from 4-week-old untreated wild-type (A), untreated Lama2 2/2 (B, none) and doxycycline-treated Lama2 2/2 (C, +Dox) mice were stained for GFAP (green) and nuclei (blue). As shown by the representative photos of entire nerve cross-sections, GFAP-positive cells were abundant and distributed throughout the wild-type nerve, but were less abundant in both untreated and doxycycline-treated Lama2 2/2 nerves. See text for quantitation. Scale bar in A ¼ 40 mm. Figure 7 . Expression of the Schwann cell differentiation stage-specific markers, Oct6 and Krox20, in wild-type and Lama2 2/2 sciatic nerves. Transverse sections of sciatic nerves from 4-week-old mice were stained as indicated either for Oct6 and nuclei or for Krox20 and nuclei. Panels in left-hand columns are at low magnification and the right-hand columns show the outlined regions at higher magnification. Lama2 2/2 nerves, both untreated and doxycycline-treated, appeared to have many more Oct6-positive cells than wild-type nerves, whereas Krox20-positive cells appeared to be more abundant in wild-type and doxycycline-treated Lama2 2/2 nerves than in untreated Lama2 2/2 nerves. See Figure 8 for quantitation. Scale bar in A ¼ 100 mm for low magnification panels (A-C and D-F) and 10 mm for high magnification panels (
Human Molecular Genetics, 2011, Vol. 20, No. 13 2667 in 4-week-old mice (29) . With the TUNEL assay, therefore, we found no difference in the rate of cell death in sciatic nerves from 4-week-old wild-type and Lama2 2/2 mice. Our additional analyses of Oct6 and Krox20 expression identified further alterations among Schwann cells in Lama2 2/2 sciatic nerves. In particular, we found that Oct6-positive cells were more abundant in sciatic nerves from 4-week-old Lama2 2/2 mice than in the corresponding wildtype nerves (Figs 7A -C and 8), whereas Krox20-positive cells were less abundant in Lama2 2/2 than in wild-type nerves ( Figs 7D-F and 8) . The decrease in Krox20-positive cells was similar to that of the GFAP-positive cells. In addition, doxycycline treatment further increased the abundance of Oct6-positive cells and also increased the abundance of Krox20-positive cells in Lama2 2/2 sciatic nerves. As a result, the percentage and density of Oct6-positive cells was several-fold higher in doxycycline-treated Lama2 2/2 sciatic nerves than in wild-type nerves, and the frequency and density of Krox20-positive cells were significantly increased after doxycycline treatment (Figs 7 and 8) .
Using double immunostaining, we identified cells that coexpressed Oct6 and Krox20, as well as cells that expressed only Oct6 or only Krox20 in wild-type, untreated Lama2 2/2 and doxycycline-treated Lama2 2/2 sciatic nerves. The relative abundances of the three cell types varied in the different types of mice (Figs 7 and 8) as expected from our single immunostaining results. Each category of mouse had a distinct expression profile. Wild-type nerves had a very high percentage of Oct6-negative/Krox20-positive cells (myelinating Schwann cells), whereas the untreated Lama2 2/2 sciatic nerves had a higher percentage of Oct6-positive (premyelinating) cells and the doxycycline-treated Lama2 2/2 sciatic nerves had both more Oct6-positive and more Krox20-positive cells.
To determine whether the increased number of Oct6-positive cells in Lama2 2/2 sciatic nerves could be due to increased proliferation, we used double immunostaining for Oct6 and Ki67, a marker for proliferating cells, to compare cell proliferation in wild-type, untreated Lama2 2/2 and doxycycline-treated Lama2 2/2 sciatic nerves (Fig. 9) . The results showed that Ki67-positive proliferating cells were relatively rare in 4-week-old wild-type sciatic nerves, but were significantly more abundant in both untreated and doxycycline-treated Lama2 2/2 sciatic nerves (Fig. 9) . We found cells that coexpressed Oct6 and Ki67, as well as cells that expressed Oct6 alone or Ki67 alone. These experiments also confirmed the increased abundance of Oct6-positive cells in Lama2 2/2 compared with wild-type sciatic nerves and showed that about one-third of these Oct6-positive cells were also Ki67-positive (Fig. 9) . Doxycycline treatment, however, did not significantly change the abundance of proliferating Ki67-positive cells in Lama2 2/2 sciatic nerves.
DISCUSSION
We found that peripheral nerve pathology in Lama2 2/2 mice was characterized by aberrant differentiation of Schwann cells and partially ameliorated by treatment with doxycycline. In particular, we found that when compared with wild-type, Lama2 2/2 sciatic nerves had more premyelinating (Oct6-positive/Krox20-negative) Schwann cells and more proliferating cells, but also had fewer mature/myelinating (Oct6-negative/Krox20-positive) and fewer immature/nonmyelinating (GFAP-positive) Schwann cells. These patterns were consistent with inhibition of Schwann cell maturation and myelination in the Lama2 2/2 sciatic nerves. In addition, we found that doxycycline treatment partially ameliorated peripheral nerve pathology in Lama2 2/2 mice. Though doxycycline treatment did not affect the abundance of immature/ non-myelinating Schwann cells or the abnormally high rate of proliferation in Lama2 2/2 sciatic nerves, we found that doxycycline (i) increased the abundance of both pre-myelinating and myelinating Schwann cells, (ii) increased motor activity of the treated mice and (iii) decreased the extent of pathology in peripheral nerves.
In this study, we used molecular markers to define the aberrant Schwann cell differentiation and proliferation patterns in peripheral nerves of Lama2 dyW/dyW knockout mice. For example, our results showed that there is an increase in Oct6-positive/Krox20-negative Schwann cells in Lama2 2/2 sciatic nerves. Oct6 is a marker for premyelinating and promyelinating (i.e. after contact is made with an axon) Schwann cells (27) that are at a stage between the earlier immature and final myelinating stages of Schwann cell differentiation. In contrast, we found that two other populations of Schwann cells, immature/non-myelinating (GFAP-positive) (25) and mature/myelinating (Krox20-positive) (26) were decreased in Lama2 2/2 sciatic nerves. Taken together, our results suggest that in the absence of laminin-a2, Schwann cell maturation and myelination of motor axons are partially inhibited, whereas, perhaps as a compensatory response, there is an increase in proliferation and a subsequent accumulation of Schwann cells at earlier pre-and/or pro-myelinating stages of differentiation. It is possible, though not yet investigated, that the decrease in immature/non-myelinating Schwann cells that we found might be associated with peripheral sensory nerve pathology in Lama2 2/2 mice (15), because previous studies have found that the loss of non-myelinating Schwann cells, e.g. by cell-type-specific inactivation of erbB or laminin-g1, leads to sensory nerve pathology (30, 31) .
The mechanism by which the loss of laminin-a2 leads to only a partial, rather than total, failure of myelination also remains to be determined. Laminin-a2 appears to have both a structural role in formation of the Schwann cell basal lamina and a signaling role through dystroglycan and integrin receptors (2,32) and loss of either or both functions could contribute to pathology. Complete trimeric laminins that do not require laminin-a2, e.g. laminin-411, continue to be expressed in laminin-a2-deficient nerves (24) , and may partially carry out the functions of laminin-a2, thus limiting the extent of neuropathology. This idea is supported by the finding that complete loss of all Schwann cell laminins due to laminin-g1 inactivation produces a much more extensive loss of myelination (33) . Our studies suggest that the laminin-negative areas in the Lama2 2/2 sciatic nerves lack laminins a1, b1 and g1, but the mechanism underlying focal loss of additional laminins is unknown. Additional studies with isoform-specific antibodies are needed to further define the molecular changes within the pathological and non-pathological nerve regions; and studies with the reagents used here of additional strains of laminin-deficient mice are needed to determine the generality of our finding. Molecular studies of ventral roots, which showed a much more severe loss of myelinated axons than did sciatic nerves, are also needed. The pathological regions that lacked laminin(s) and myelin basic protein but had disorganized neurofilaments that we characterized in Lama2 2/2 sciatic nerves corresponded with the regions of unsorted axons or amyelination noted, for example, on trichrome or H&E stained sections both by us (not shown) and in previous studies (9, 24, 32) .
Our molecular marker analyses of Schwann cells in Lama2 2/2 knockout mice were consistent with and extended previous studies of mouse strains that are laminin-a2-deficient due to spontaneously arising (dy/dy and dy 2J /dy 2J ) or chemically induced (nmf417/nmf417) mutations (2,9 -15) . For example, a 3 H-thymidine labeling study showed that Schwann cell proliferation is much higher in dy 2J /dy 2J than in wild-type L4 ventral roots at 2 months after birth (14) . Similarly, using Ki67 as a marker for proliferating cells, we found increased proliferation in the sciatic nerves of 4-week-old Lama2 2/2 mice compared with wild-type. The previous study also found approximately equal numbers of nuclei in sciatic nerves from 2-month-old dy 2J /dy 2J and wild-type mice (14) , and we too found approximately equal numbers of nuclei in sciatic nerves from 4-week-old Lama2 2/2 and wild-type mice (Table 1) .
In addition, previous morphological studies have consistently found that peripheral nerves of laminin-a2 mutant mice have regions with abnormal myelination and axon organization, as well as decreased numbers of mature myelinating Schwann cells (2,9 -11,13,15,16,24,34) . Our molecular marker studies similarly showed that sciatic nerves of 4-week-old Lama2 2/2 knockout mice had fewer myelinating (Krox20-positive) Schwann cells, but our studies also extended the previous work by demonstrating that Lama2 2/2 knockout mice had fewer immature/non-myelinating (GFAP-positive) and more premyelinating (Oct6-positive) Schwann cells. Laminin-a2 deficiency also causes myelination deficits in the central nervous system; and, in dy/dy mice, immature oligodendrocyte progenitors accumulate in adult brains (35) , an outcome similar to the accumulation of premyelinating Schwann cells that we found in sciatic nerves of Lama2 2/2 knockout mice. The current study leaves open the question of the role of cell death in peripheral nerve pathology. We found increased proliferation, but no increase in total number, of Schwann cells in Lama2 2/2 sciatic nerves. In the 4-week-old mice that we examined here, however, we were not able to identify a significant number of TUNEL-positive nuclei in Lama2 2/2 sciatic nerves. Thus, it was not possible to compare the rates of cell death in wild-type vs. Lama2 2/2 nerves or after doxycycline treatment. It is possible that cell death might have been more frequent at earlier stages of development as suggested by an earlier study (13) , but our study was not designed to examine this issue. Progeny of proliferating Schwann cells might be lost via a mechanism that either does not result in TUNEL-positive nuclei or occurs a slow a rate that does not produce a detectable level of the short-lived TUNEL-positive nuclei. In contrast to the lack of TUNEL-positive nuclei in Human Molecular Genetics, 2011, Vol. 20, No. 13 2669 nerves, we and others previously found that up to 1-2% of the nuclei in Lama2 2/2 skeletal muscles were TUNELpositive, which was significantly higher than in wild-type muscles (18, 36) . Also, in mice with laminin-g1-null Schwann cells, 3% of the nuclei are TUNEL-positive, indicating a high level of ongoing cell death (33) . However, knockout of laminin-g1 eliminates all functional laminins, whereas laminin-a2-deficient nerves retain functional laminins (e.g. LN-411) that likely ameliorate pathology (32) .
In two studies, we found that pathology in both skeletal muscle (18) and peripheral nerves (this study) was partially ameliorated by doxycycline, but the cellular and molecular mechanism(s) by which doxycycline ameliorates pathology remains to be determined. Doxycycline is also beneficial in a mouse model of oculopharyngeal muscular dystrophy (37) . Doxycycline and related molecules produce a large number of molecular and cellular changes in mammalian cells and tissues (18, (38) (39) (40) (41) . In Lama2 2/2 skeletal muscle, doxycycline treatment may be beneficial by reducing inflammation and cell death (18) . Doxycycline can also inhibit matrix metalloproteases (41) , an activity that could affect the course of peripheral neuropathology (42) . With regard to Schwann cells, doxycycline could act directly on immature cells to halt early death or to activate differentiation pathways, thereby making additional immature cells available for entrance into the myelination pathway. Because the pathology in peripheral nerves appears to be largely independent of pathology in skeletal muscles (16) , it may be the doxycycline acts through different mechanisms in different tissues.
Doxycycline treatment is one of a number of experimental therapeutic strategies that have been shown to be beneficial in laminin-a2 deficiency. Among these, additional strategies are genetic inhibition of the mitochondrial cell death pathway (17, 21) ; transgenic expression of laminin-a1 (43), laminin-a2 (16) or a modified agrin protein that can replace laminin (22) ; proteasome inhibition (44); feeding a 50% protein diet (45) ; inactivating the complement system or treating with prednisolone (46) and treating with insulin-like growth factor 1 (47) or clenbuterol (48) . Furthermore, agrin or laminin-a1 can lessen pathology in laminin-a2-deficient mice even when expression begins after pathology is in progress (49, 50) ; and transgenic expression of laminin-a1 also lessens nerve pathology (51) . Combinations of treatments that work through different mechanisms, e.g. strengthening extracellular attachments and inhibiting cell death, might prove to be more effective than any single treatment.
Doxycycline clearly has limits as a pharmaceutical treatment of laminin-a2 deficiency, both because it produces only partial amelioration of pathology in the mouse models and because it can have significant deleterious effects upon long-term administration in humans, particularly in young children (41, 52, 53) . It should be possible, however, to improve upon doxycycline as a pharmaceutical treatment as further understanding of the mechanisms of pathology is gained and additional therapeutic targets are identified. A pharmacological therapy that significantly ameliorates pathology in both the nerves and the muscles in human MDC1A could be of considerable benefit to patients; and our study suggests that such a pharmaceutical therapy may be feasible.
MATERIALS AND METHODS

Mice
Heterozygous Lama2 dy-W/+ mice, which carry the targeted dy-W mutation in the Lama2 gene (16), were obtained from Dr Eva Engvall and have been maintained in our laboratory for .5 years by breeding with C57BL/6J mice (17, 18, 20, 21) . Mice obtained from crosses of Lama2 +/2 heterozygotes were genotyped at weaning by PCR (17) .
Doxycycline treatment
Doxycycline (Sigma-Aldrich, St Louis, MO, USA) was administered to mothers and newborns in drinking water at 6 mg/ml in 5% sucrose beginning on the day of birth (18) . Untreated litters received either normal water or 5% sucrose in water; and we found no significant differences in measured outcomes between Lama2 2/2 mice that received normal water and those that received 5% sucrose in water (18) . Because of the necessity of administering doxycycline through drinking water, entire litters were randomly assigned to either the doxycycline or the untreated group. Mice were monitored daily and weighed at least once per week. Tissues were dissected from untreated and doxycycline-treated control (Lama2 +/+ or Lama2 +/2 ) and experimental (Lama2 2/2 ) mice at 28 days after birth. Hindlimb function was assayed by counting how often mice stood up on their hindlimbs during their first 5 min in a new cage (18, 22) . Protocols were approved by the Institutional Animal Use and Care Committee of the Boston Biomedical Research Institute.
Ventral root histology
L2 ventral roots were dissected, fixed with 2% glutaraldehyde, 2% paraformaldehyde for 24 h, post-fixed in 1% OsO 4 , dehydrated through a series of alcohol solutions and embedded in Epon 812. Transverse semi-ultrathin sections (1.0 mm) were made through the center of each specimen and the sections were stained with 0.5% toluidine blue for light microscopy.
Immunohistochemistry
Sciatic nerves were collected in phosphate-buffered saline (PBS), embedded in OCT (Tissue Tek, Torrance, CA, USA) and snap-frozen on dry ice. Indirect immunofluorescence was performed on 10-mm thick cryosections fixed in cold methanol or 3.7% paraformaldehyde for 10 min, rinsed three times in PBS and blocked with either 3% normal goat serum (Vector Laboratories, Burlingame, CA, USA) or 3% rat serum (Vector Laboratories). The following primary antibodies were used: rabbit polyclonal antibody (pAb) that reacts with multiple laminin subunits including laminins a1, b1 and g1 used at 1:50 dilution (Pan-laminin; L-9393; Sigma-Aldrich); mouse monoclonal antibody (mAb) SMI31 which reacts with phosphorylated neurofilament H, a neurofilament form that is generally restricted to axons, used at 1:1000 (SMI-31R; Covance, Princeton, NJ, USA); goat pAb anti-OCT6 used at 1:50 (sc-11661; Santa Cruz Biotech, Santa Cruz, CA, USA); rabbit pAb anti-Krox20 used at 1:100 (PRB-236P; Covance); rat mAb anti-myelin basic . Sections were examined with a fluorescent microscope (Nikon Eclipse E800). Cross-sectional areas of individual sciatic nerves were determined using the SPOT Advanced v4.6 program (Diagnostic Instruments, Sterling Heights, MI, USA). TUNEL assay was performed using with the ApopTag system (Millipore).
Statistics
Results are presented as the average + SE, and the reported 'n' values are the numbers of different individual mice from which data were obtained. Statistical significance was assessed by the appropriate unpaired two-tailed t-test, Welch alternate t-test or non-parametric Mann -Whitney U-test, and linear correlations were examined using the InStat program (v3.1a, GraphPad Software, San Diego, CA, USA).
